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Neuroblastoma is a pediatric solid cancer of heterogeneous clinical behavior. The unique features of this type of cancer frequently
hamper the process of determining clinical presentation and predicting therapy effectiveness. The tumor can spontaneously regress
without treatment or actively develop and give rise to metastases despite aggressive multimodal therapy. In recent years,
immunotherapy has become one of the most promising approaches to the treatment of neuroblastoma. Still, only one drug for
targeted immunotherapy of neuroblastoma, chimeric monoclonal GD2-specific antibodies, is used in the clinic today, and its
application has significant limitations. In this regard, the development of effective and safe GD2-targeted immunotherapies and
analysis of other potential molecular targets for the treatment of neuroblastoma represents an important and topical task. The
review summarizes biological characteristics of the origin and development of neuroblastoma and outlines molecular markers of
neuroblastoma and modern immunotherapy approaches directed towards these markers.

1. Introduction

Neuroblastoma (NB) is the most common extracranial
solid tumor in children, accounting for 7% of all pediatric
neoplasms in patients under 15 years and 15% of all
pediatric deaths caused by cancers. It is the second most
common type of pediatric solid tumors surpassed only by
CNS tumors and comes third after leukemia and brain
tumors in terms of incidence rates among pediatric cancers.
World mortality rates are 0.85–1.1 cases per 100,000 children
under the age of 15 [1].

Neuroblastoma is a complex type of tumor with unique
features. The biological heterogeneity of neuroblastoma
results in a variety of clinical presentations of this cancer.
In some patients, neuroblastoma may completely regress
or spontaneously differentiate, which leads to complete

recovery without any treatment. In other cases, children with
neuroblastoma develop a widespread metastatic tumor with
very poor outcomes [2].

Despite the fact that mass screening of neuroblastoma
does not significantly improve outcome for patients [3], some
success in NB therapy has been achieved in recent years, pri-
marily due to introduction of novel therapeutic approaches.
Patients with low- and intermediate-risk neuroblastoma have
favorable prognosis and an excellent five-year survival rate of
more than 90%. However, in the case of high-risk neuroblas-
toma (HR-NB), which is detected in approximately 60% of
cases, the prognosis of treatment remains unfavorable.
Despite aggressive multimodal therapy, the five-year survival
rate remains under 50% [2]. The standard methods of neuro-
blastoma therapy have strong side effects, including serious
damage to internal organs, anemia, effects on fertility, and
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hair loss. Chemotherapy, radiotherapy, and surgical methods
demonstrate particularly low efficacy on the late stages of the
disease treatment; they also do not solve the problem of min-
imal residual disease which is the cause of subsequent relapse.

The reasons for the low effectiveness of HR-NB ther-
apy by standard methods lie in the biological and immu-
nological features of this cancer. Neuroblastoma evades
the control of the immune system and manifests high cell
heterogeneity, considerably limiting the efficacy of cur-
rently used approaches such as high-dose chemotherapy,
surgery, and radiotherapy.

Immunotherapy represents a promising approach in the
treatment of HR-NB. Currently, monoclonal GD2-specific
antibodies are approved for the treatment of HR-NB in com-
bination therapy. The use of GD2-specific antibodies signifi-
cantly increases the survival of patients [4] and is becoming
the standard approach of therapy for this type of cancer [5].
At the same time, the use of this immunotherapeutic
approach cannot be considered optimal because of the signif-
icant side effects that limit the dose intensity of the drug and
the effectiveness of therapy in general. Still, administration of
monoclonal antibodies does not result in cumulative or long-
term toxicity, and, therefore, immunotherapy remains an
attractive approach for HR-NB treatment. In this regard, a
deep understanding of the biological features of NB, search
and analysis of molecular markers on neuroblastoma cells,
and adaptation of modern immunotherapeutic approaches
for the treatment of HR-NB are important milestones for
developing effective neuroblastoma immunotherapy.

2. Origin of Neuroblastoma

Neural crest cells are a population of cells found only in
vertebrates. The neural crest arises from the embryonic ecto-
derm and develops from the neural tube after its closure [6].
The differentiation of neural crest cells into a wide range of
cell types contributes to the emergence of diverse anatomical
structures and occurs due to the epithelial-to-mesenchymal
transition (EMT), a process by which cells lose polarity and
gain reduced adhesion, which allows the neural crest cells
to delaminate and migrate from the neural tube. These cells
individually or collectively migrate along stereotyped paths
and reach numerous, often remote parts of the embryo,
where eventually they differentiate into a diverse array of cell
types, including melanocytes, craniofacial cartilage cells and
bones, smooth muscle cells, peripheral neurons, and glial
cells [7]. A complex of epigenetic and transcriptional pro-
grams regulates the delamination, migration, and postmigra-
tory differentiation of neural crest cells. These programs
include histone modification, DNA methylation, and expres-
sion of bone morphogenetic proteins and transcription
factors [8]. Neural crest cells can be divided into five func-
tional types: vagal, sacral, cranial, cardiac, and trunk cells.
Thus, the neural crest cells represent a transitional type of
cells that quickly passes from multipotent progenitors to a
variety of differentiated cell types, from neurons and glia of
the peripheral nervous system to melanocytes, cartilage,
and bone cells of the craniofacial skeleton [7]. The main cell
types of neural crest origin are presented on Figure 1.

It was originally considered that neural crest cells gradu-
ally lose their multipotent properties and/or plasticity when
they reach the postmigration stage. To date, it has been
proved that some subpopulations with high plasticity and
the ability to form spheres in vitro are retained in various tis-
sues at late embryonic and postnatal stages, and even in the
adult body [9]. In the adult organism, progenitor cells of
the neural crest are found in many types of tissues, including
skin [10, 11], dorsal root ganglia [12], adrenal medulla [13],
bone marrow [14], and a number of other tissues [15]. It
has been shown that adult neural crest-derived cells retain
the properties of stem cells [16]. Several studies have demon-
strated that such neural crest stem cell populations often
mimic the transcriptional expression profiles of both embry-
onic stem cells and neural crest progenitor cells [17]. The
presence and wide distribution of neural crest progenitor
cells in the tissues of the adult organism are likely to
contribute to the appearance of tumors originating from
the neural crest.

Multipotent progenitor cells of the neural crest are capa-
ble of giving rise to a wide range of tumors in the adult organ-
ism. Due to the diverse localization and specification of neural
crest progenitor cells, the tumors arising from them consti-
tute a heterogeneous group and can originate in different
places throughout the body. These include such widespread
adult and pediatric cancers as melanoma and neuroblastoma,
as well as other less common types of tumors, namely, para-
ganglioma, pheochromocytoma, schwannoma, esthesioneur-
oblastoma, malignant peripheral nerve sheath tumors,
granular cell tumors, neurofibroma, perineurioma, neurothe-
keoma, nerve sheath myxoma, and medullary thyroid cancer
[18]. Many researchers suggest that tumors originating from
the neural crest may be predisposed to the development of
metastatic disease due to the inherent abilities of neural crest
cells for self-renewal and migration [19, 20], and indeed, pat-
terns of gene expression and the mechanisms underlying the
behavior of the cells of the neural crest and tumor cells have a
striking similarity. Expression of different transcription fac-
tors critical for neural crest development, including members
of the Snail, Twist, SoxE, and FoxD families, is upregulated in
many cancers [21, 22]. Both neural crest cells and tumor cells
undergo surprisingly similar EMT processes, and both types
of cells express matrix metalloproteinases (MMPs) and a dis-
integrin and metalloproteinases (ADAMs) that facilitate cell
invasion and migration [23]. These similarities suggest that
the genetic changes underlying the process of tumorigene-
sis can partially occur due to the reactivation of the factors
and signals required for delamination and migration of
neural crest cells, which are usually completely suppressed
after embryogenesis.

Although the biological aspects of the development and
progression of NB have been thoroughly studied for a long
time, little is known about the early stages of its pathogenesis,
and the cells from which this tumor originates have not yet
been reliably identified. Until recently, it was believed that
NB originates from the cells of the developing sympathetic
nervous system, probably from sympathoadrenal progenitor
cells that normally differentiate into sympathetic ganglion
cells and adrenal chromaffin cells (catecholamine-secreting
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adrenal cortex cells) [24]. The sympathoadrenal lineage is
derived from neural crest cells that aggregate on the dorsal
aorta after migration through the ventral pathway [25]. From
the dorsal aorta, these cells then migrate to the developing
adrenal glands and become either chromaffin cells or sympa-
thetic ganglia. If the cells differentiate into sympathetic gan-
glia, they begin to upregulate neuronal markers, whereas
chromaffin cells upregulate proteins found in the adrenal
glands [26, 27]. Whether a neural crest cell differentiates into
a catecholaminergic/adrenal chromaffin cell or a sympathetic
neuron depends on the bone morphogenetic proteins
(BMPs) [28, 29]. A set of transcription factors, including
Sox10 [30, 31] and Mash1 [32], is induced by BMPs, which
in its turn regulates the differentiation of migrating neural
crest cells into sympathoadrenal cells. The binding of the
nerve growth factor (NGF) with the cell-surface receptor
TrkA and the permanent presence of the factor are essential
for the survival of these differentiated cells, whereas the
excess of sympathoadrenal cells undergoes apoptosis on the
final stage of differentiation due to the relative deprivation
of NGF [33]. A unique feature of neuroblastoma is the man-
datory presence of sympathoadrenal neuroblasts, which,
unlike normal sympathoadrenal cells, remain viable in con-
ditions of NGF deprivation [34], an experimental fact that
confirms the assumption of the origin of neuroblastoma spe-
cifically from sympathoadrenal progenitor cells of the neural
crest. Moreover, neuroblastoma tumors most often appear in
the sites of localization of sympathoadrenal progenitor cells
of the neural crest, namely, in the adrenal cortex, the para-
spinal ganglia, or the abdominal cavity adjacent to the aorta
in the kidney region [35, 36]. There are a number of other
facts that directly or indirectly prove that neuroblastoma
originates from the progenitor cells of the sympathoadrenal
lineage of the neural crest, specifically the following:

(i) In situ neuroblastomas that arise in the adrenal
glands of 1 in 200 newborns and often sponta-
neously regress afterwards are histologically

similar to residual rosette-like sympathogonia
arrangements [37].

(ii) Neuroblastomas spontaneously develop in MYCN
transgenic mice [38].

(iii) Neuroblastoma cell lines retain the ability to migrate
along certain neural crest paths and to colonize
tissue targets specific for neural crest cells [39].

(iv) The patterns of gene expression in neuroblastoma
are in many respects similar to those of the neural
crest progenitor cells [40].

Conversely, Furlan et al. [41] demonstrated the absence
of the so-called common sympathoadrenal lineage which
gives rise to sympathetic neurons and chromaffin cells in a
recent study. The results of this study prove that, in contrast
to sympathetic neurons that occur directly from migrating
neural crest cells, most of the chromaffin cells (77.8%) in
the adrenal medulla are derived from Schwann cell precur-
sors (Figure 1, red arrows). The authors also showed that
the separation of these two lineages, sympathetic and adre-
nal, occurs on the early stages of embryonic development.
Also, by use of single-cell RNA sequencing of adrenomedul-
lary cells during the stages of embryonic development, when
chromaffin cells only begin to form, the authors have discov-
ered intermediate types of cells that represent successive
states between the Schwann cell precursor-to-chromaffin cell
transition. Importantly, such intermediate types of cells were
not found between Schwann cell precursors and sympatho-
blast clusters or between chromaffin cells and sympatho-
blasts. Thus, the authors suggest that neuroblastoma and
pheochromocytoma may develop specifically from this chro-
maffin lineage, since in most cases these tumors are localized
in the adrenal gland region.

Members of the MYC family of transcription factors
(cMYC, MYCN, and L-MYC) play an important role in cell
growth and differentiation [42]. Several studies showed the
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importance of cMYC on early stages of induction of neural
crest progenitors. Knockdown of cMYC in chick embryos
significantly decreases the number of premigratory neural
crest cells, whereas their apoptosis increases considerably.
Interestingly, the decrease in the level of cMYC does not
affect the proliferation of the neural crest cells but decreases
self-renewal of neural crest progenitor cells [43]. The deple-
tion of cMYC in Xenopus embryos leads to inhibition of
expression or complete absence of early neural crest markers
such as slug, twist, and foxd3, as well as to the absence of a
different kind of neural crest derivatives characteristic for late
stages of embryonic development, namely, mesectodermal
neural crest precursors that give rise to the facial skeleton
[44]. MYCN expression begins in migrating neural crest cells
during the later stages of embryonic development and is
accompanied by downregulation of cMYC expression. The
main function of MYCN is to preserve the self-renewal and
proliferative abilities of neural crest cells [45]. The expression
of the MYCN oncogene increases during the normal process
of sympathoadrenal development and then significantly
decreases during the differentiation process [34]. Enhanced
expression of MYCN inmature sympathetic neurons induces
the progression of the cell cycle and blocks apoptosis [46, 47].
It was shown in E7 chick embryos, when neurogenesis in the
sympathetic ganglia reaches its peak, that MYCN expression
is limited to SOX2-positive proliferating progenitors, while
cMYC is expressed in differentiated Islet1-positive neurons.
Overexpression of cMYC and MYCN in chick sympathetic
neuroblasts results in a significant increase in their prolifera-
tion in vitro and in vivo, although it does not affect the viabil-
ity of cells in culture [48]. MYCN knockdown in human
neural crest stem cells leads to cell cycle arrest in the G0/G1
phase and a significant increase in the expression of Cdkn1a,
Cdkn2a, and Cdkn2b, and at the same time a significant
decrease in Cyclin D1 expression occurs, which facilitates
the G1/S transition [49]. The same members of the MYC
family play an important or even a critical role in the devel-
opment and progression of neuroblastoma. Specifically, the
amplification of theMYCN oncogene is associated with poor
prognosis in patients with neuroblastoma [36]. If not cor-
rectly expressed, MYCN can trigger tumorigenesis [38, 50].
Zhu et al. [51] showed that overexpression of MYCN in the
zebrafish model terminates chromaffin cell differentiation
and facilitates neuroblasts to become hyperplastic. A small
part of these neuroblasts eventually forms a heterogeneous
tumor [51]. A further study of MYCN, by this time con-
ducted in a murine cell line of neural crest progenitor cells,
showed that stable overexpression of either MYCN or
ALKF1174L in combination with the absence of cMyc activ-
ity leads to the development of a neuroblastoma-like tumor
in mice [52]. Primary cultures of mouse neural crest cells
overexpressing MYCN also formed neuroblastoma and oste-
osarcoma in the mouse model. A comparative analysis of
human neuroblastoma cells and the neuroblastoma obtained
from primary cultures of mouse neural crest cells demon-
strated that, in addition to the upregulation of genes associ-
ated with the passage through the cell cycle, both
neuroblastomas upregulate the transcription factors charac-
teristic of embryonic development of the nervous system,

including those important for neural crest development, that
is, Sox11, Nhlh2, Twist1, Ascl1, Insm2, and Tcf3 [53].

The anaplastic lymphoma kinase (ALK) gene belongs to
the receptor tyrosine kinase (RTK) superfamily. ALK is
expressed in the developing central and peripheral nervous
system during embryogenesis [54], as well as in the develop-
ing sympathoadrenal lineage of the neural crest, where its sig-
nalization can regulate the balance between cell proliferation
and differentiation [55–57]. The physiological role of ALK in
the course of normal development of the nervous system is
not yet fully understood; however, the importance of ALK
in neurogenesis of Drosophila, zebrafish, and chicken has
been proved [56, 58, 59].

It has been recently shown that ALK expression is associ-
ated with a less differentiated state of neuroblastic tumors,
and the incidence of ALK overexpression in neuroblastoma
is significantly higher than in more differentiated ganglio-
neuroblastoma and ganglioneuroma [60, 61]. Due to the fact
that frequent ALK-wt overexpression in primary neuroblas-
toma tumors was associated with a poor clinical outcome,
similarly to the presence of activating ALK mutations such
as ALK-F1174L and ALK-R1275Q [62–64], it was suggested
that excess expression of ALK-wt may be involved in onco-
genesis and progression of neuroblastoma. Montavon et al.
[65] demonstrated that expression of ALK-wt in JoMa1 and
MONC-1 cell lines may lead to the formation of malignant
tumors in neural crest progenitor cells of nude mice in the
same way as the expression of activating ALK-R1275Q and
ALK-F1174L mutations. These results prove that a few
genetic modifications are enough for progenitor cells of the
neural crest to become malignant.

Sox2 and Nanog are the most important factors necessary
for maintaining the ability of stem cells to self-renew. Pan-
dian et al. [66] demonstrated that the expression levels of
both of these proteins are also significantly increased in can-
cer stem cells of neuroblastoma. Quantitative transcriptional
profiling showed an increase in the expression of 29 mole-
cules, including BMPs, Notch2, Slug, and Twist1, associated
with the stem state in cancer stem cells of neuroblastoma.
The authors also described high levels of cellular plasticity
and increased pluripotency of aggressive metastatic neuro-
blastoma cells as compared to the original cell lines.
Together, these data indicate that many of the proteins that
play an important role in maintaining the potency of embry-
onic stem cells, including neural crest cells, can perform sim-
ilar functions in controlling and maintaining the potency of
cancer stem cells. The main factors that determine the trans-
formation of neural crest cells into neuroblastoma cells are
shown in Figure 2.

Thus, the abovementioned data demonstrate that (i) neu-
roblastoma originates from progenitor cells of the neural
crest and (ii) there is a significant molecular similarity
between the cells of the most aggressive undifferentiated neu-
roblastoma and early embryonic progenitor cells.

3. Tumor Markers in Neuroblastoma

Neuroblastoma is a highly heterogeneous tumor. A single
tumor may contain a wide range of cellular phenotypes
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characteristic of this transient embryonic structure, in partic-
ular neuroblasts, melanocytes, and nonneuronal cells such as
Schwann, perineurial, or satellite cells. It was shown that the
heterogeneity of neuroblastoma and the degree of maturity of
the cells that form it (e.g., stroma-poor tumors as opposed to
stroma-rich tumors, or high-risk versus low-risk tumors
based on histological gradation) correlate with clinical
behavior and prognosis. These characteristics are used for
both the classification of the tumor and the prognosis of the
disease [67]. On the other hand, van Groningen et al. [68]
have shown that neuroblastoma tumors are not as heteroge-
neous as was previously thought. The authors found that
most neuroblastomas include two major types of tumor cells
with divergent gene expression profiles, namely, undifferenti-
ated “mesenchymal” cells and committed adrenergic cells
that can transform into each other but resemble normal cells
at different stages of differentiation. Cells of the “mesenchy-
mal” type showed higher resistance in vitro to standard
neuroblastoma chemotherapy drugs, such as cisplatin,
doxorubicin, and etoposide, as compared to isogenic adren-
ergic cells. Moreover, biopsy material obtained from the
patients with neuroblastoma after chemotherapy or after
relapse was significantly enriched with “mesenchymal”
tumor cells [68].

Boeva et al. [69] have demonstrated a new type of hetero-
geneity in neuroblastoma cell lines and primary tumors by
identifying three types of cells: sympathetic noradrenergic
cells that are characterized by expression of PHOX2B,
HAND2, and GATA3 transcription factors; neural crest
cell-like (NCC-like) cells that express FOS and JUN family
members but do not express PHOX2B and noradrenergic

markers; and a mixed type of cells. All cell lines with MYCN
amplification except CHP-212 belonged to the noradrenergic
type, whereas all three types were represented among the cell
lines without MYCN amplification. Similar results were
obtained for primary tumor samples. Enrichment of the cell
population with NCC-like cells correlated with a stronger
resistance to chemotherapy. Still, the authors do not rule
out the possibility of transdifferentiation of noradrenergic
cells into NCC-like cells during chemotherapy.

Certain heterogeneity is also observed in the cell lines
obtained from neuroblastoma tumors. Three different
phenotypes were identified in most studies conducted on
established human neuroblastoma cell lines [70, 71]. Sym-
pathoadrenal neuroblasts (N-type cells) that have small
rounded cell bodies with short neurites and express neuronal
cell markers are the most common type; these cells are either
attached to the substrate in a small degree or grow in free-
floating clusters in culture. N-type cells are weakly tumori-
genic: they form slowly growing tumors in 30% to 100% of
mice and show a minor ability to grow in soft agar. The sec-
ond type of cells is represented by nonneuronal precursor
cells that are strictly substrate-attached, grow as a contact-
inhibited monolayer, and have a high cytoplasm/nucleus
ratio. These cells are called S-type cells (substrate-adherent);
they are large in size and have a flattened morphology. S-type
cells express marker proteins that identify them as nonneur-
onal cells originating from the neural crest, such as melano-
cytes and glial and smooth muscle cells. Cells with this
phenotype are nontumorigenic: they do not exhibit at all or
exhibit an insignificant degree of anchorage-independent
growth in soft agar and do not form tumors in nude mice
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[72]. The third type of cells called I-type cells due to an inter-
mediate morphology between N- and S-type cells are actually
stem-like cells. I-type cells are small, flattened, moderately
adherent cells with or without neurites that form aggregates
in culture. These highly primitive stem cells that are capable
of self-renewal and bidirectional differentiation can develop
into either N- or S-type cells [73]. I-type cell lines express
marker proteins of both N and S phenotypes. Of particular
interest is the fact that I-type cells are 4-5 times more tumor-
igenic than N-type cells are [74]. Moreover, the higher malig-
nant potential of I-cells does not depend on the status of
amplification of MYCN, which is usually an indicator of
aggressive behavior of the tumor [71]. Ross et al. [75] found
7 genes which were more than five-fold overexpressed in I-
type cells compared to N- or S-type cells: CD133, KIT,
NOTCH1, GPRC5C, PlGF2, LNGFR, and TRKB.

Due to the fact that malignant stem-like cells were found
in many neuroblastoma cell lines, it was suggested that a sim-
ilar pool of cells with increased malignancy and aggressive-
ness is present in neuroblastoma tumors. Hirschmann-Jax
et al. [76] characterized primary tumor cells obtained from
23 patients on different stages of neuroblastoma (17 patients
with stage IV, 5 patients with stage III, and 1 patient with
stage I) for the purpose of identificating a side population
(stem-like cell population). Side population cells were found
in 15 of 23 (65%) neuroblastoma samples. The phenotypic
analysis of surface markers expressed by side population cells
showed an increased number of cells expressing ganglioside
GD2 and c-kit (stem cell factor receptor, CD117) with a
higher intensity than the cells not included in the side popu-
lation. Cells of the side population also expressed low levels
of CD133, CD71, CD56, and high levels of transporter pro-
teins ABCG2 and ABCA3, which alongside others are
responsible for the resistance of cancer cells to antineoplastic
drugs such as mitoxantrone [77, 78].

Walton et al. demonstrated the presence of I-type cells in
tumor samples obtained from patients with relapsed neuro-
blastoma and patients without disease progression. The
authors performed immunohistochemical staining of cryo-
sections from neuroblastoma tissues using antibodies specific
for markers of S- and N-type cells, S100A6 (calcyclin) and
neurofilaments, respectively. Cells expressing both markers
simultaneously were considered I-type cells. It was found
that the putative I-type cancer stem-like cells are present in
all analyzed samples at a frequency of 1% to 90%. Besides,
the authors observed a strict correlation between relapse
and the incidence of I-cells in the samples. The frequency
of I-cells in tumors from patients with relapse disease was
almost five times as high as in patients without disease
progression [71].

As has been shown in multiple studies, despite the
tumor’s heterogeneity, there is a pool of cells in neuroblas-
toma, the so-called cancer stem cells or more correctly
tumor-initiating cells [79], which display increased aggres-
siveness and tumorigenicity and promote tumor develop-
ment and metastasis. Their presence in the tumor foci and/
or in metastases correlates with the stage of the disease, the
risk of development (low-risk or high-risk neuroblastoma),
and poor clinical outcome. That is why searching for markers

specific for this pool of cells that could be used for targeted
high-performance therapy of high-risk neuroblastoma
becomes an urgent and important task.

3.1. C-Kit/SCF. The c-kit gene encodes the transmembrane
receptor CD117 that contains a tyrosine kinase component.
The stem cell factor (SCF) binds to c-kit resulting in the sig-
naling via the SCF/c-kit pathway, which is important in
hematopoiesis, gametogenesis, and melanogenesis [80]. The
so-called gain-of-function somatic mutations that lead to
constitutive activation of c-kit are observed in several malig-
nant diseases, such as gastrointestinal stromal tumors [81],
mastocytosis [82], acute myeloid leukemia [83], and testicu-
lar seminoma [84], whereas in the cases of small cell lung
cancer [85], neuroblastoma [86], colorectal cancer [87], and
ovarian cancers [88], mutations in c-kit have not been identi-
fied, but paracrine and/or autocrine activation of c-kit does
occur during transformation and progression.

The function of c-kit and SCF in the development and
progression of neuroblastoma has not been reliably estab-
lished to date. The available literature provides very contra-
dictory data on the prognostic role of SCF/c-kit regarding
clinical characteristics of the tumor and results of neuroblas-
toma therapy. Several studies demonstrated that there was no
correlation between SCF/c-kit expression and clinical charac-
teristics [86, 89]. Thus, Cohen et al. [86] analyzed the joint
expression of SCF and c-kit in 14 neuroblastoma cell lines
and 18 samples of tumor material. All cell lines examined
in this study expressed, to varying degrees, both SCF and
c-kit, and the level of c-kit expression in the original cell lines
and in the N-clones obtained from them was significantly
higher than in the I- or S-clones. The antibodies that block
c-kit significantly reduced the proliferation and clonogenic
potential of neuroblastoma cell lines. Only 8 of 18 (45%)
tumor samples obtained from patients with neuroblastoma
expressed both SCF and c-kit, and none of the samples
expressed only one of the proteins. No significant correlation
between SCF/c-kit expression and stage of disease, MYCN
amplification, and other clinical indices was determined,
which is probably due to a small sample of patients. In
another study, Beck et al. [89] showed low constitutive
expression of SCF in 7 of 8 neuroblastoma cell lines, and only
one of them expressed c-kit. Analysis of tumor samples
showed a low frequency of anti-c-kit antibody immunoreac-
tivity in primary neuroblastoma tumors or ganglioneuromas
and a variable immunoreactivity in metastatic samples;
besides, no coexpression of c-kit and SCF was observed. Only
a few neuroblastoma samples showed weak and diffuse
expression of SCF, whereas three ganglioneuroma samples
displayed focal and intensive SCF expression. Based on the
results, the authors deny the presence of an autocrine SCF/
c-kit loop in neuroblastoma.

More recent studies showed a correlation between the
expression of SCF/c-kit and the clinical characteristics of
neuroblastoma tumors; however, contradictions regarding
whether the correlation is positive or negative still exist.
Particularly, Krams et al. [90] found a correlation between
the expression of c-kit in neuroblastoma samples and a favor-
able prognosis for patients. Expression of this protein
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correlated with a lower stage of the disease and a low level of
MYCN amplification, whereas most of the c-kit-positive neu-
roblastomas represented differentiated (44.7%) or slightly
differentiated (18.8%) tumors.

In contrast to this, in a study by Uccini et al. [91], expres-
sion of both c-kit and SCF correlated with unfavorable
clinico-biological characteristics. C-kit protein expression
was detected in 21 of 168 (13%) neuroblastoma samples;
mRNA expression in 23 of 106 (22%) samples. The SCF pro-
tein was detected in 30 of 106 (28%) samples; its mRNA in 30
of 106 (31%) neuroblastoma samples. As a rule, c-kit- and/or
SCF-positive cases were undifferentiated or slightly differen-
tiated neuroblastomas at a late stage (III and IV) and with
unfavorable molecular characteristics, such asMYCN ampli-
fication and 1p36 allelic loss. In addition, the survival rate of
patients with c-kit-positive tumors was 17%, while the sur-
vival rate of patients with c-kit-negative tumors was 68%.
For SCF, these values were 43% and 78%, respectively.

In another study conducted on a wide range of neuro-
blastoma cell lines, overexpression of the c-kit gene was most
often associated with the amplification of the MYCN gene
[92]. Imatinib mesylate, a selective inhibitor of c-kit and
PDGFR protein kinases, suppresses the proliferation of neu-
roblastoma cell lines in vitro [93, 94] and inhibits the tumor
growth of c-kit/PDGFR-positive neuroblastoma xenografts
in vivo [95]. It has also been shown that downregulation of
c-kit in the neuroblastoma cell line SH-SY5Y stimulates the
expression of genes that can be involved in spontaneous
tumor regression or in its differentiation. Specifically, down-
regulation of c-kit increased the expression of the neurotro-
phin TrkA receptor, which is a prerequisite for spontaneous
regression of neuroblastoma, and also increased expression
of HLA class I genes and levels of IFNGR expression, which
significantly raises the sensitivity of tumor cells towards the
components of the immune system [96].

There are currently no immunotherapeutic approaches
in the clinic that use c-kit as a target for the therapy of any
disease, including cancers. The most widely investigated area
in the context of c-kit-positive tumors is the use of small mol-
ecule inhibitors which are selectively targeted at suppressing
the signaling through this tyrosine kinase receptor. Tyrosine
kinase inhibitors demonstrate significant clinical success,
especially in the treatment of gastrointestinal stromal
tumors, where imatinib is currently the standard therapy
for patients with high-risk disease [97]. Despite their effec-
tiveness, the use of these inhibitors invariably leads to the
development of resistance, often due to mutations occurring
in the kinase domain, which interfere with the binding of the
drug [98]. In addition, some tumors including neuroblas-
toma exhibit aberrant c-kit expression in the absence of gene
mutations, which significantly reduces the activity and effec-
tiveness of the inhibitors. Recently, several studies appeared
in the literature demonstrating the antitumor activity of c-
kit-specific antibodies that block the interaction of the recep-
tor with its ligand SCF. One of these antibodies, ACK2,
showed antitumor activity in RET transgenic mice, in which
melanoma develops spontaneously after birth. A single injec-
tion of anti-c-kit antibodies shortly after birth resulted in a
prolonged suppression of melanoma, a greatly increased

tumor-free period, and none of the animals injected with
anti-c-kit antibodies died from cancer for 12 months after
birth [99]. Another group of researchers developed human-
ized anti-c-kit monoclonal antibodies, KTN0158, that specif-
ically interact with both mutant and wild-type c-kit and
exhibit biological activity in normal and malignant mast cells
[100]. In 2015, Kolltan Pharmaceuticals launched a phase I
clinical trial of anti-c-kit monoclonal antibodies, KTN0158,
as a monotherapeutic agent for the treatment of patients with
gastrointestinal stromal tumors and other c-kit-positive
tumors (NCT02642016). In addition, the company is devel-
oping approaches to use these antibodies in combination
with immune checkpoint inhibitors (anti-CTLA4 and/or
anti-PD1/PD-L1 antibodies), which are based on the poten-
tial of anti-c-kit antibodies to modulate the relationship of
the immune system and the tumor [101]. The inhibition of
c-kit using specific antibodies resulted in a noticeable
decrease in the amount of myeloid-derived suppressor cells
(MDSC) in the tumor microenvironment and significantly
increased the antitumor activity of T cell checkpoint
antibody-based inhibitors [102].

Thus, despite a number of contradictions regarding
the correlation of c-kit expression with the clinico-
biological characteristics in such a complex tumor as
neuroblastoma, the tyrosine kinase receptor c-kit can poten-
tially serve as a target for antitumor therapy of this cancer, at
least as part of a combination therapy to enhance efficacy of
other approaches.

3.2. CD133. CD133 (prominin-1) is a transmembrane pro-
tein with a molecular weight of 120 kD, which was initially
viewed as a hematopoietic stem cell marker [103]. It was also
shown that CD133 is expressed by various human cell lines
[104], colorectal cancer cells [105], neural stem cells [106],
and other cancer stem cells from different types of tumors
[107, 108]. Some studies propose CD133 as an independent
prognostic marker of low survival in colorectal cancer
[105], hepatocellular carcinoma [109], and glioma [110].
CD133 is also a marker of human neural crest stem cells
[111], so it can be assumed that CD133-positive stem cells
may serve as an indicator of tumors originating from neural
crest cells. Much reliable data has emerged lately showing
that CD133 not only is a specific biomarker of different types
of stem cells but also plays a key role in the processes of cell
growth, development, and tumorigenesis [107].

It has been shown in different studies that expression of
CD133 is a sign of an unfavorable outcome in a number of
cancers, including neuroblastoma [112]. CD133 overexpres-
sion is associated with increased chemoresistance [68, 113]
and inhibits differentiation of neuroblastoma cells [114].
For neuroblastoma cell lines, it was demonstrated that
CD133 expression is approx. five times higher in I-type cells,
which are regarded as cancer stem cells, compared to N- and
S-type cells [75]. Several independent studies examined the
relationship between CD133 expression and the stage of neu-
roblastoma [68, 112, 115]. Mehrazma et al. [115] found no
expression of CD133 in the majority of patients with stage I
neuroblastoma and in 1 of 8 patients with stage IV neuroblas-
toma, whereas in 7 of 8 patients with stage IV neuroblastoma
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the intensity of CD133 expression was high. In this case, the
authors suggested that there is a significant relationship
between the stage of cancer and the level of CD133 expres-
sion and that the CD133 expression is higher in late-stage
cancer. Similar results were obtained in another study where
expression of CD133 was shown in 84 of 106 patients with
type IV neuroblastoma and in 37 of 97 patients with neuro-
blastoma metastases [68]. A positive correlation between
CD133 expression and the stage of cancer was also shown
by Tong et al. [112] in an earlier study. Both of the above-
mentioned investigations [68, 112] reliably demonstrated
that CD133 expression is significantly higher in patients with
stage III–IV neuroblastoma, and the increase in the expres-
sion of this marker correlates with tumor progression. More-
over, Sartelet et al. [113] established that CD133 expression is
associated with shorter patient survival.

van Groningen et al. [68] generated new neuroblastoma
cell lines from the biopsy material of patients with neuroblas-
toma. Despite their genetic identity, the cell lines obtained
from the same patient showed divergent phenotypes and
mRNA profiles. The PROM1 gene that encodes CD133 was
one of the differentially expressed genes. CD133+ cells grew
as an adherent monolayer, formed lamellipodia, and dis-
played mobility, whereas CD133− cells formed semiadherent
spheres and were not capable of migration. CD133− cells
expressed genes involved in adrenergic differentiation, such
as PHOX2A, PHOX2B, and DBH. The authors termed these
cells as adrenergic neuroblastoma cells. In contrast, CD133+

cells expressed mesenchymal markers SNAI2, vimentin,
and fibronectin and were termed as “mesenchymal” tumor
cells. Both types of cells are capable of transdifferentiating
into each other. Although no significant correlation between
the numbers of CD133+ “mesenchymal” cells and clinical
and molecular characteristics of neuroblastoma was shown,
these cells displayed increased resistance to chemotherapy
and were significantly more prevalent in tumor samples after
chemotherapy in the cases of relapse cancers compared to
CD133− adrenergic cells [68]. The progressive increase in
the number of CD133+ cells has also been shown in vitro
in neuroblastoma cell lines after several cycles of chemother-
apy treatment [116]. Zhong et al. [117] established a correla-
tion between CD133 expression, MYCN amplification,
chemoresistance, and the survival of neuroblastoma patients.
Only 8% of CD133+ neuroblastoma patients showed com-
plete response to chemotherapy, whereas CD133− patients
demonstrated a complete response in 21% of cases. The
expression of CD133 did not significantly affect the overall
patient survival; however, the survival rate of CD133+

patients with amplified MYCN was considerably low (12.5
months) [117].

Despite the fact that CD133 is a proven and functionally
active marker of cancer stem cells, including neuroblastoma,
clinical approaches using this molecule as a target for anti-
cancer therapy have not yet been developed. Nevertheless,
it is proved that CD133 can serve as a direct target for biolog-
ical drugs on the surface of cancer stem cells, leading to the
effective and selective elimination of these cells. For this rea-
son, the first attempts have recently been made to develop
anti-CD133 therapy for oncological diseases where cancer

stem cells overexpress this marker. Vallera and colleagues
showed that the fusion protein CD133KDEL, consisting of
a CD133-specific scFv fragment and a deimmunized form
of pseudomonas exotoxin A, has a high antitumor and cyto-
toxic activity in various xenograft cancer models, including
head and neck cell carcinoma [118], breast carcinoma
[119], and ovarian cancer [120]. Polymer nanoparticles
loaded with paclitaxel and targeted to CD133 (CD133NPs)
on Caco-2 colorectal adenocarcinoma cells were shown to
effectively reduce the number of cells and the formation of
colonies in vitro and also demonstrated better therapeutic
effects in the xenograft model of breast cancer compared to
the treatment with free paclitaxel [121]. Also, anti-CD133
immunotoxin therapy has been tested on cancer stem cells
of sarcoma [122]. These studies suggest that anti-CD133
therapy can be based on the delivery of drugs directly to can-
cer stem cells, which leads to their more effective elimination.
A different approach that could employ the CD133 marker in
anticancer therapy is the development of bispecific antibod-
ies, in which one activity is directed to the CD133 antigen,
and the other towards the activation of immune cells. Huang
et al. [123] showed effective killing of pancreatic and liver
cancer cells that express high CD133 levels in vitro as well
as inhibition of tumor growth in vivo by cytokine-induced
killer cells associated with bispecific anti-CD3/anti-CD133
antibodies. Schmohl et al. [124] developed heterodimeric bis-
pecific single-chain variable fragment killer engagers (BiKEs)
that simultaneously recognize the tumor-specific CD133 and
CD16 on NK cells, and showed a significant increase in NK-
mediated killing of human Caco-2 colorectal adenocarci-
noma cells that overexpress CD133, as well as the enhance-
ment of NK cell cytotoxicity against the NK-resistant
human Burkitt’s lymphoma Daudi cell line, in which less
than 5% of cells express surface CD133. An alternative
approach for anti-CD133 therapy is the modification of
immune cells with chimeric antigen receptors, specifically
the generation of CAR T cells. It was shown that CD8+

CAR T cells specific to the AC133 epitope of CD133
effectively eliminate CD133+ stem cells from glioblastoma
multiforme in vitro and in the orthotopic tumor model
in vivo [125].

Based on the experimental studies using the surface
molecule CD133 as a target for anticancer therapy, it can
be concluded that this area of research is quite promising
in view of encouraging results obtained from animal
tumor models. These results may lead to the creation of
approaches specifically aimed at elimination of cancer
stem cells that are responsible for tumor maintenance,
development, and metastasis.

3.3. CD114. CD114 is one of the cancer stem cell markers
originating from the neural crest, which acts as the trans-
membrane receptor for the granulocyte colony-stimulating
factor (G-CSF). CD114+ neuroblastoma cells are highly
tumorigenic and are characterized by chemoresistance and
the ability to self-renew and differentiate into all types of cells
that make up the tumor. Gene expression profiles in CD114+

cells are similar to those of embryonic and induced pluripo-
tent stem cells. These cells are found in neuroblastoma cell
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lines, in murine xenograft tumors, and in primary tumor
samples taken from patients with neuroblastoma [126–128].
However, despite the expression of CD114 in tumors of vari-
ous origins, its role and function in the development of malig-
nancies have not been established yet.

The protumorigenic role of G-CSF was demonstrated in
many studies [129, 130]. Due to the fact that CD114 is the
marker of both neural crest progenitor cells and cancer stem
cells originating from the neural crest, it is an excellent target
for the development of new therapeutic approaches. Cur-
rently, large quantities of G-CSF are being used to treat neu-
roblastoma patients to ensure bone marrow recovery after
several cycles of myelosuppressive chemotherapy, although
sufficient evidence has not yet been obtained to confirm that
such therapy improves overall patient survival [131]. Since it
has been proved that G-CSF stimulates proliferation and
tumor growth and increases the chemoresistance of neuro-
blastoma cancer stem cells, the routine use of this growth fac-
tor for the treatment of patients with neuroblastoma may
lead to undesirable consequences, aggravating the patients’
condition. Therefore, it is essential to search for alternative
approaches aimed at CD114/G-CSF [18].

3.4. CD57. CD57 (Leu-7/HNK-1) is a carbohydrate epitope
expressed on adhesion molecules of migrating neural crest
progenitor cells [132, 133]. It has been shown that CD57
mediates invasion and migration of neural crest cells [132,
133] and is associated with metastasis in melanoma, a tumor
that, like neuroblastoma, originates from neural crest pro-
genitor cells [134]. This marker is used alongside with
CD56 in the diagnostics of cancer by immunostaining
methods to differentiate neuroendocrine tumors from other
types of tumors. A flow cytometry assay showed that 10 out
of 15 bone marrow metastasis samples from neuroblastoma
patients were positive for CD57 [135]. Also, in another work,
CD57 was immunohistochemically stained in 100% of poorly
differentiated neuroblastoma, 96% of differentiated neuro-
blastoma/ganglioneuroblastoma, and 93% of ganglioneur-
oma. Moreover, in the same study 100% of bone marrow
metastases were stained with CD57-specific antibodies
[136]. Schlitter et al. [137] showed that, regardless of the
amplification of MYCN, CD57high neuroblastoma cells
exhibit more aggressive features compared to CD57low cells.
CD57high neuroblastoma cells demonstrated increased ability
to form spheres and invade the extracellular matrix, as well as
to adhere to endothelial cells and penetrate the basal mem-
brane in vitro. These properties define CD57high neuroblas-
toma cells as more aggressive compared to CD57low cells. In
addition, CD57high cells were phenotypically immature and
were more likely to form metastases in the liver after intrave-
nous administration to experimental animals in comparison
with CD57low cells. The authors also showed that high levels
of CD57 expression in samples of primary neuroblastoma are
strictly associated with undifferentiated neuroblastoma cells,
and the frequency of CD57high cells increases after chemo-
therapy [137].

3.5. CD171. Aberrant regulation of adhesion molecules that
contributes to the progression of the oncologic process

often occurs during malignant transformation of cells.
L1CAM (L1 cell adhesion molecule) or CD171 is one of
these molecules. L1CAM is a protein with a molecular
weight of 200–220 kDa, which is a member of the immu-
noglobulin superfamily of cell adhesion molecules
(IgCAMs). Initially, the L1CAM molecule was identified
in the nervous system [138]. The extracellular part of L1
consists of 6 Ig-like domains and 5 fibronectin-type III
domains and is connected to a short intracellular cytoplas-
mic domain through a single transmembrane sequence
[139]. The functioning of L1CAM largely depends on the
homophilic and heterophilic interactions of its extracellu-
lar domains with other cell adhesion molecules on the cell
surface [140].

Normally, L1CAM plays a key role in the development of
the nervous system, regulation of intercellular interactions,
migration of nerve cells, growth of neurites on Schwann cells,
myelination of nerve fibers, and so on [141–143]. Aberrant
expression of L1CAM is found in many types of human can-
cers, including colorectal cancer [144], melanoma [145],
breast cancer [146], ovarian carcinoma [147], kidney carci-
noma, neuroblastoma [148], gastrointestinal stromal tumors
(GISTs) [149], pancreatic carcinoma [150], Schwannoma
[151], and glioma [152]. A multiple tumor tissue microarray
conducted on 128 different types of tumors showed that most
of L1CAM-positive tumors have neuroectodermal and neu-
ral crest origin, and among these tumors, 96% neuroblasto-
mas, 93% granular cell tumors, 76% pheochromocytomas,
86% schwannomas, 54% primitive neuroectodermal tumors,
40% paragangliomas, and 56% of GISTs are strictly positive
for L1CAM [153]. Expression of L1CAM in cancer tissues
and cultured tumor cells in most cases correlates with poor
clinical prognosis and a late stage of the disease. In normal
human tissues, L1CAM is detected in small amounts in basal
cells of the skin, endothelial cells of small blood vessels,
mature placenta, renal ducts, and peripheral nerves. These
facts make L1CAM a promising marker in the diagnostics
and therapy of L1CAM-expressing tumors [154].

The L1 cell adhesion molecule was discovered on neuro-
blastoma cells in the 1980s [155, 156]. Two isoforms of L1 are
expressed on neuroblastoma cells—the full-length L1CAM
molecule and the L1CAM variant without exons 2 and 27.
The role of L1CAM in tumor cells is to maintain tumor
growth, metastasis, and angiogenesis. It has been shown in
the neuroblastoma cell line IMR-32 that the knockdown of
L1CAM leads to a decrease in the formation of tumoro-
spheres, a decrease in the proliferation and migration of
tumor cells, and downregulation of MYCN and upregulation
of the PTEN tumor suppressor. L1 knockdown also increased
the radiosensitivity of tumor cells [157].

Despite the fact that L1CAM expression is a poor prog-
nostic factor for various types of tumors, the situation is not
so obvious for neuroblastoma. So, for example, Wachowiak
et al. [158] analyzed L1CAM expression using tissue microar-
ray with 66 surgically resected neuroblastoma samples and
showed that L1 expression is a factor of positive prognosis
for patients with neuroblastoma. Still, most authors who
conducted large-scale studies of L1CAM expression in
tumors of various origin, including neuroblastoma, concur
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that expression of this marker is rather a prognostic factor of
poor outcome [159].

Regardless of these contradictions, active development of
various therapeutic approaches using the L1CAM molecule
as a diagnostic and therapeutic marker for the treatment of
neuroblastoma is underway. L1CAM serves as a target for
the treatment of various types of cancer using monoclonal
antibodies and antibody fragments, and neuroblastoma is
not an exception in this context. For example, chimeric anti-
bodies chCE7 targeting L1CAM that were developed in the
1980s [160] bind the CE7 epitope of L1 and are internalized
by neuroblastoma and renal carcinoma cells [161]. сhCE7
also inhibits the proliferation of L1CAM-positive tumor cells,
namely, neuroblastoma, kidney carcinoma, colon cancer, and
ovarian cancer. In addition, 131 iodine-labeled chCE7 anti-
bodies were successfully used to visualize the tumor in a
xenograft model [162] and in patients with recurrent neuro-
blastoma [163] and also showed an antitumor effect in a
xenograft model, inducing an almost complete elimination
of subcutaneous tumor lesions.

A number of studies demonstrated that the effect of dif-
ferent anti-L1CAM antibodies on tumor cells can be utterly
varying (from inhibition to stimulation of tumor cells),
which is mainly due to the particular epitope that the
antibody binds. Wang et al. [164] developed scFv fragments
specific to different L1 domains and showed in a neuroblas-
toma cell line that some antibody fragments have a stimulat-
ing effect, and others have an inhibitory effect on tumor
growth. So, the scFv fragments I4 and I6, specific to the
immunoglobulin domains 1–4 of the L1 molecule, inhibited
the proliferation of SK-N-SH neuroblastoma cells, while the
scFv-fragments I13 and I27, specific for the fibronectin type
III (Fn3) homologous domains 1–3, enhanced the prolifera-
tion of these cells in vitro.

scFv fragments of chCE7 antibodies are widely used in the
development of CAR T cells targeted to solid tumors, includ-
ing neuroblastoma [165]. The chimeric immunoreceptor-
designated CE7R specifically targets the CE7 epitope of L1
on neuroblastoma cells and also the cells of the adrenal
medulla and sympathetic ganglia which show a limited
expression of the antigen.

CE7R-modified cytotoxic T cells are redirected to
L1CAM-positive human neuroblastoma cells and activated
for tumor cell lysis and TC-1 cytokine production [166]. Park
et al. [167] conducted a phase I clinical trial using autologous
CE7R/HyTK+ CD8+ cytolytic T lymphocytes to treat patients
with advanced recurrent metastatic neuroblastoma. CAR T
cells used in the trial were safe but displayed limited effective-
ness. Patients who were included in the trial but did not
receive T cell therapy died within 337 days after the begin-
ning of the trial. Only one out of six patients receiving
CARTs showed disease stabilization and then a partial
response after the first infusion of T cells. Following addi-
tional therapy, one patient had a complete response and
another patient showed stabilization of the disease. Only
one patient out of six receiving adoptive T cell therapy
showed survival prolongation with relapse after 4.5 years.
Low antitumor efficacy of T cell therapy is probably associ-
ated with the absence of CD4+ helper cells and costimulation,

since the trial employed first-generation CARs. In order to
improve therapeutic efficacy, CE7-CARs containing a short
extracellular domain [168] and one (4-1BB; second genera-
tion (2G)) or two (CD28 and 4-1BB; 3G) intracellular
costimulatory signaling domains were developed. All vari-
ants of CE7-CAR T cells showed antitumor effects in vitro
and in vivo in preclinical studies, and a phase I clinical trial
of 2G and 3G CE7-CAR T cells was initiated in patients with
refractory or relapsed neuroblastoma (NCT02311621;
INDFDA number 16139) [169].

In conclusion, due to the uniform and abundant expres-
sion of CD171 on the surface of the neuroblastoma cells, this
antigen appears to be a very promising target for immuno-
therapy, especially for the application of CAR T cells.

3.6. Tumor-Associated Gangliosides. At present, tumor-
associated gangliosides are possibly the most promising,
widely studied, and already actively used neuroblastoma
markers in the clinic. Gangliosides are universal components
of eukaryotic cell membranes. They belong to the family of
glycosphingolipids (GSL) and contain one or more sialic
acids, N-acetyl derivatives of neuraminic acid, in their hydro-
philic oligosaccharide chain. The ceramide, which serves as
the hydrophobic part of the ganglioside, consists of a long-
chain sphingosine or sphinganine linked to a fatty acid by
an amine bond. The ganglioside uses the ceramide to anchor
in the outer leaflet of the plasma membrane of cells and dis-
plays its hydrophilic part to the extracellular space. Such
positioning of gangliosides in the plasma membrane deter-
mines their basic biological functions. Gangliosides partici-
pate in cellular communication, adhesion, growth, and
differentiation [170, 171]; play an important role in cellular
recognition [172]; modulate signal pathways through glyco-
synapses [173]; mediate contact inhibition; and participate
in the formation of lipid rafts that regulate the activity of var-
ious cellular processes [174, 175]. Gangliosides can also take
part in inhibiting the proliferation of T and NK cells [176–
178]. The composition and metabolism of GSL constantly
change depending on the processes taking place in the cell.
These specific changes occur during cell proliferation [179]
and differentiation, during cell passage through different
phases of the cell cycle [180], and during embryonic develop-
ment of the brain [181] and malignant transformation [182].
The most significant changes in the metabolism of gangli-
osides and, as a consequence, in the patterns of their
expression occur during malignant transformation of cells.
Due to this fact, a number of gangliosides are considered
tumor markers of various geneses.

Malignant transformation of cells is accompanied by an
aberrant composition of the cell surface, which is closely
related to the abnormalities in the glycosylation pathways
of glycoconjugates and, in particular, gangliosides [183].
Since gangliosides are the main components of the cell sur-
face glycocalyx and are involved in intercellular interactions
and cell-matrix interactions, they are also involved in the
invasive/metastatic behavior of tumor cells [184, 185].
Changes in the composition of gangliosides and their struc-
ture in the process of neoplastic transformation were demon-
strated more than 30 years ago [186–188]. Comparison of
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tumor tissues with respective normal tissues showed the
change in the overall level of ganglioside expression as well
as emergence of new types of GSL that are absent or rarely
expressed on normal cells. In general, increased expression
of simple gangliosides, including GM3, GM2, GD3, and
GD2, characterizes aggressive tumors such as melanoma
and neuroblastoma [187, 189–191]. The correlation between
ganglioside expression and the age of neuroblastoma patients
was demonstrated; higher levels of the “b-series” gangliosides
(GD3, GD1b, GT1b, and GQ1b) are mainly characteristic for
newborn patients with neuroblastoma as compared to older
patients [192]. Some tumor-associated gangliosides may
serve as prognostic factors in neuroblastoma. Decrease or
absence of expression of “b-series” gangliosides, GD1b,
GQ1b, and GT1b, correlates with reduced survival of patients
with neuroblastoma [190, 193] and with a more aggressive
biological tumor phenotype [194]. Overexpression of the
complex gangliosides GM1, GD1a, GD1b, and GT1b in neu-
roblastoma cells significantly inhibits their ability to migrate
and, therefore, prevents tumor metastasis [195]. And indeed,
it was shown that high expression of complex b-series gangli-
osides strongly correlates with a favorable outcome [194,
196]. Thus, it has been repeatedly proved that ganglioside
metabolism can vary depending on the degree of malignancy
of neuroblastoma and can affect the clinical picture and out-
come for patients [190, 197]. These facts make gangliosides
good prognostic markers predicting the clinical outcome
for neuroblastoma patients.

Shedding of tumor-associated gangliosides from the cell
surface was demonstrated for a large number of tumor cells,
including those of neuroblastoma [198], lymphoma [199],
melanoma [200], leukemia [201], and brain tumors [202].
Tumor gangliosides freely circulating in the blood inhibit
certain immune responses both in vivo and in vitro [203,
204]. They may specifically cause local immunosuppressive
effects [205], inhibiting the proliferation of T lymphocytes
[206, 207] as well as IL-2-dependent responses [208]. Their
shedding from the surface of transformed cells stimulates
the development of tumors in mice [209] and humans [210].

Neuroblastoma tissues overexpress the simple b-series
ganglioside GD2 [187]. Normally, GD2 is expressed in the
cells of the central nervous system [211], peripheral neurons
[212], melanocytes, and bone marrow mesenchymal stromal
cells [213]. In neuroblastoma tumors, GD2 is expressed in
neuroblastic cells, but not in Schwannian stromal cells, at a
high level [214] and along with ganglioside GD3 is involved
in adhesion of tumor cells to the extracellular matrix [215].
GD2 is a good diagnostic marker: it makes possible to differ-
entiate neuroblastoma from benign ganglioneuroma and
intermediate-grade ganglioneuroblastoma tumors that do
not express or express this ganglioside at a low level. Expres-
sion of GD2 is an indicator of neuroblastoma, and high levels
of GD2 shedding into the circulation correlate with faster dis-
ease progression [210]. However, the use of the ganglioside
GD2 as a prognostic marker may not be appropriate in all
cases, since no correlation has yet been found between the
expression of GD2 and such important clinico-biological
parameters as the age of the diagnosis, the clinical stage,
and the amplification ofMYCN. At the same time, in patients

with neuroblastoma, shedding of tumor gangliosides directly
correlates with the degree and rate of tumor development;
patients with high circulating GD2 levels (>568 pmol/ml)
have a shorter average progression-free survival (about 9
months) compared to patients with low GD2 levels
(<103 pmol/ml, 28 months) [210]. Still, evidence exists that
the level of expression of GD2 on neuroblastoma tumor cells
may serve as a prognostic factor for immunotherapy with
GD2-specific antibodies. Terzic et al. [214] demonstrated
that expression of GD2 in primary tumors of high-risk neu-
roblastoma patients without relapse was significantly higher
than in primary tumors of patients with disease relapse after
treatment with anti-GD2 monoclonal antibodies. These
results suggest that resistance to anti-GD2 immunotherapy
may be due to the presence of GD2-negative cells in primary
tumors or a low expression level of this ganglioside.

Ganglioside GD2 is the primary molecular target for neu-
roblastoma immunotherapy. The GD2-specific monoclonal
antibody Unituxin was approved by FDA in 2015 for the
treatment of high-risk neuroblastoma patients. Unituxin
(dinutuximab) represents the chimeric GD2-specific
Ch14.18 mAb of the IgG1 subtype produced in the SP2/0 cell
line. Ch14.18 is also produced in the CHO cell line, which
gives a better effector cell response due to the modified glyco-
sylation profile, while preserving the binding properties of
the antibody to the ganglioside [216]. The modified antibody,
dinutuximab-beta, was also approved by FDA for high-risk
neuroblastoma therapy. Ch14.18 displays a significant effi-
cacy in combination therapy and increases the five-year sur-
vival rate of neuroblastoma patients by 20%. At the same
time, the drug has significant side effects, the main one being
neuropathic pain caused by its interaction with sensory neu-
rons [217]. Various immunotherapeutic approaches are
being currently developed aimed at improving efficacy and
reducing side effects of GD2-specific antibodies [218]. The
main clinical trials for neuroblastoma immunotherapy are
presented in Table 1.

To date, there are several main trends in the development
of GD2-directed immunotherapy:

(i) Improvement of antitumor effects of GD2-specific
antibodies

(ii) Development of immunoconjugates and targeted
nanoparticles aimed at GD2-positive tumors

(iii) Use of bispecific antibodies

(iv) Use of adoptive immunotherapy (most importantly,
CAR T cells)

3.6.1. Strategies for Improving Antitumor Effects of GD2-
Specific Antibodies. The development of GD2-specific mono-
clonal antibodies for the treatment of GD2-expressing
tumors, which, in addition to neuroblastoma, also include
melanoma, small cell lung cancer, osteosarcoma, and breast
cancer, has been underway for many years [219, 220]. Ini-
tially, the use of murine antibodies led to the induction of a
human anti-mouse antibody (HAMA) response, which
resulted in a faster elimination of antibodies from the body
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due to neutralizing antibodies. Administration of chimeric
antibodies induces human antichimeric antibody (HACA)
response, and while the neutralizing antibody titer is signifi-
cantly lower in this case, it also affects the half-life of antibod-
ies in the body [221].

To reduce the immunogenicity of murine and chimeric
GD2-specific antibodies, humanized antibodies Hu3F8
[222] and Hu14.18K322A [223] were created in which only
CDRs remained murine, while the rest of the protein was of
human origin. Both antibodies showed good results in pre-
clinical trials and in the first phases of clinical trials, demon-
strating improved pharmacokinetic characteristics and
reduced toxicity [218]. In the case of Hu14.18K322A anti-
bodies which are based on murine GD2-specific antibodies
14.18, reduced side effects and increased efficiency were
obtained by modifying the structure of the Fc region and
altering antibody glycosylation. A point mutation to lysine
322 allowed to significantly reduce the binding of antibodies
to complement proteins and to decrease CDC, which is con-
sidered one of the main mechanisms responsible for the side
effects of GD2-specific antibodies. ADCC was increased by
reducing fucosylation during production of the protein in a
YB2/O rat line [224].

A promising approach to improve antitumor effects of
GD2-specific antibodies is the use of antibodies to the O-
acetylated form of GD2—O-Ac-GD2—in which the outer
sialic acid residue is modified with O-acetyl ether [225].
It was shown that O-Ac-GD2 is coexpressed with ganglio-
side GD2 on tumor cells, and the O-Ac-GD2/GD2 ratio
constitutes 10 to 50% [226]. Alvarez-Rueda et al. [227]
used monoclonal O-Ac-GD2-specific antibodies 8B6 to
show that O-Ac-GD2, unlike GD2, is not present on periph-
eral neurons and mesenchymal stem cells, as well as on the
posterior lobe of the pituitary gland. At the same time, the
level of O-Ac-GD2 on GD2-positive tumors remains sig-
nificant and comparable to that of GD2. The authors dem-
onstrated in a rat model that, in contrast to GD2-specific
antibodies ch14.18, chimeric O-Ac-GD2-specific antibodies
8B6 do not induce allodynia [228]. Thus, due to the fact
that O-Ac-GD2-specific antibodies lack the main limita-
tion of standard anti-GD2 antibodies which manifests
itself in the damage of healthy cells of the body (primarily
sensory neurons), O-Ac-GD2 represents a very attractive
target for immunotherapy.

Another way to improve GD2-directed therapy is to
employ the direct cytotoxic activity of GD2-specific anti-
bodies. Several research groups have shown that a number of
GD2-specific antibodies induce cytotoxic effects in tumor cells
without involving immune mechanisms [229–231]. Thus,
antibodies are capable of triggering morphological changes,
cell aggregation and detachment, and inhibition of prolifera-
tion by various mechanisms including apoptosis, necrosis,
and oncosis-like cell death in different GD2-positive tumor
cell lines. The molecular mechanisms of this effect are not
completely clear and require additional studies, but the selec-
tion of chemotherapy drugs for obtaining a synergistic cyto-
toxic effect in combination with GD2-specific antibodies is a
topical task, which could help to enhance the efficiency of the
antitumor therapy [232, 233].

3.6.2. Development of Immunoconjugates and Targeted
Nanoparticles Aimed at GD2-Specific Tumors. As part of
immunoconjugates or targeted nanoparticles, full-length
GD2-specific antibodies and their fragments act as vectors
that specifically bind tumor cells. GD2-binding molecules
are used to create GD2-directed liposomes [234–236] and
nanoparticles [237–240], combinations of anti-GD2 antibod-
ies with chemokines [241], cytokines [242], toxins [243–246],
and radioisotopes [199, 247]. Antigen-binding antibody frag-
ments have important advantages for use in immunoconju-
gates over full-length antibodies and lack a number of their
disadvantages, such as poor penetration into solid tumors
and Fc-mediated hyperactivation of the immune system
[248]. For instance, GD2-specific antibodies and their Fab
fragments were covalently attached to stealth liposomes,
and the cytotoxic effects of the resulting immunoliposomes
loaded with the antitumor drug doxorubicin were assessed
in a mouse model of neuroblastoma. Both types of immuno-
liposomes demonstrated increased cytotoxicity against neu-
roblastoma cells; however, liposomes conjugated with Fab
fragments had a longer circulation time in the blood. [249].

In the case of radioimmunoconjugates, a multistep
pretargeted radioimmunotherapy approach that employs
GD2-specific antibody-streptavidin constructs is justified.
Specifically, 5F11 scFv fragments were fused with streptavi-
din to form a homotetramer that displayed an increased avid-
ity to GD2; 111In-DOTA conjugated to biotin was used as the
ligand (111In-DOTA-biotin). The results of in vivo studies
showed a significant increase in the binding of the complex
with tumor cells and a decline in the level of nonspecific
interactions compared to the single-stage approach using
radiolabeled full-length IgG antibodies [250]. In our work,
targeted chitosan nanoparticles specific to GD2-positive
tumor cells were obtained. Monoclonal GD2-specific anti-
bodies and their Fab and scFv fragments were used as vector
molecules, and it was shown that scFv fragments site-
specifically conjugated to nanoparticles have a higher antitu-
mor potential compared to full-length antibodies and their
Fab fragments [240].

3.6.3. Bispecific Antibodies. Bispecific antibodies (BsAbs)
exhibit a dual functionality; i.e., they bind to two different
epitopes on the same antigen or on different antigens. BsAbs
have significant advantages over conventional antibodies
because they can redirect immune effector cells to tumor cells
by one of their arms or, alternatively, if both arms are
directed to the same tumor cell, inhibit or modulate intracel-
lular signaling pathways more effectively compared to con-
ventional monospecific antibodies [251, 252]. In the case of
GD2-positive tumors, the main area of BsAb development
is generation of antibodies which bind GD2 with one arm
and recruit effector immune cells with the other. In terms
of structure, these GD2-specific BsAbs may represent full-
length antibodies [253] or antibody fragments [254].

Surek and Ektomab are anti-GD2 trifunctional bispecific
full-length antibodies that recruit cytotoxic lymphocytes and
target them towards GD2-positive tumors. The authors
showed [253] that Surek and Ektomab that contain the Fab
fragments to the GD2/GD3-specific antibody ME361 and

14 Journal of Immunology Research



the T cell-specific CD3 antigen (mouse and human CD3,
resp.) demonstrate a pronounced antitumor effect in a mouse
melanoma model at lower concentrations than the parent
ME361 antibody. They also claim that full-length GD2-
specific BsAbs are superior to bispecific antibody fragments;
namely, they have a longer circulation time in the blood
and also produce a long-term memory response. Disadvan-
tages of these antibodies include low affinity for GD2
(~10−7M), which results in the necessity to increase the ther-
apeutic dose and the preservation of Fc-mediated side effects
of parent GD2-specific antibodies. The immunogenicity and
specificity of Surek and Ektomab also limit the prospects of
their use, since they contain antibody fragments of mouse
and rat origin; besides, ME361 antibodies display cross-
reactivity to ganglioside GD3, which may increase side effects
by influencing healthy body tissues.

BsAbs based on antibody fragments are also being
developed for the treatment of neuroblastoma. Cheng
et al. [254] produced stable and highly affine bispecific anti-
bodies hu3F8-scBA based on tandem scFv fragments to GD2
and CD3. hu3F8-scBA induced death of GD2-positive tumor
cells in femtomolar concentrations and significantly acti-
vated T cells in vitro and also suppressed tumor growth and
prolonged the survival of mice in xenograft models of mela-
noma and neuroblastoma. This approach also has its limita-
tions, primarily due to the extremely rapid elimination of
tandem bispecific antibodies from the body because of their
low molecular weight (about 60 kDa) and inability to bind
the neonatal FcRn.

An interesting approach that can largely circumvent the
limitations of BsAbs in both the standard IgG and tandem
scFv format is the use of bispecific IgG-scFv antibodies. The
bispecific antibody hu3F8-BsAb consists of a full-length
GD2-specific antibody directed to the tumor cell and two
CD3-specific scFv fragments linked to the C-terminus of
the light chains of the antibody [255]. Hu3F8-BsAb is charac-
terized by high affinity for ganglioside GD2 and a long circu-
lation time in the blood. It demonstrates a high antitumor
potential in vivo, which results in the effective elimination
of the tumor and the absence of the inhibitory effect on effec-
tor lymphocytes [256].

3.6.4. CAR T Cells. The generation of CAR T cells is the main
direction of adoptive cell therapy for GD2-positive tumors.
Human neuroblastoma downregulates MHC class I molecule
expression, which represents a major mechanism of tumor
escape from the immune control mediated by cytotoxic T
lymphocytes. It was also shown that MYCN amplification, a
well-known bad prognosis factor for neuroblastoma, leads
to downmodulation of MHC class I proteins [257]. These
facts make CAR T cells which exhibit antitumor activity in
an MHC-unrestricted manner a promising approach for this
type of cancer.

Ganglioside GD2 is the most exploited target for neuro-
blastoma therapy with CAR T cells, and most studies use
the scFv fragment of GD2-specific antibodies as the
antigen-recognition part of CAR T cells [55]. The results of
application of first-generation CAR T cells targeted to GD2
on neuroblastoma cells gave optimistic results [258, 259].

GD2-directed CAR T cells demonstrated good tolerability
in phase I clinical studies, as well as absence of neuropathic
pain, a common side effect of GD2-specific antibodies, but
the detailed information about the antitumor activity was
not provided [260, 261].

Later, researchers that developed the next generations of
GD2-specific CAR T cells encountered difficulties and limita-
tions that are typical for chimeric antigen receptor T cells
targeting all types of solid tumors. Several of the most impor-
tant limitations that hinder the development of CAR T ther-
apies for solid tumors are as follows:

(i) Cell and antigen heterogeneity in solid tumors [262]

(ii) On-target/off-tumor toxicity caused by expression
of targets for CAR T cells on healthy body cells

(iii) The inhibitory effect of the tumormicroenvironment
of solid tumors, and the limited ability of CAR T cells
to penetrate solid tumors due to physical barriers
from the surrounding stroma and infiltrating
protumor immune cells, as well as absence of
chemokine receptors [262, 263],

(iv) Suppression of T cell functional activity, which
manifests itself in early T cell exhaustion due to
tonic signaling, and activation-induced cell death
(AICD) of CAR T cells upon interaction with
the antigen [263, 264]

If these limitations are not overcome, the tremendous
success of CAR T cell adoptive immunotherapies in eradicat-
ing hematological malignancies will likely not be extrapo-
lated to solid tumors and, specifically, to neuroblastoma
[265]. A variety of approaches are currently being developed
to overcome the aforementioned limitations, including,
among others, the introduction of costimulatory molecules
(primarily 4-1BB) into the intracellular domain of the recep-
tor, blockade of checkpoint inhibitors (e.g., PD-1), constitu-
tive activation of proliferative and inhibition of apoptotic
signal pathways in CAR T cells, and modification of the
structure of the chimeric antigen receptor and its density
on the surface of T cells [264, 266–268].

Limitations in the use of anti-GD2 CAR T therapies are
yet to be overcome. Hoseini et al. [256] made an attempt to
identify therapeutic barriers facing CAR-modified GD2-
specific T cells by comparing their antitumor effects with T
cells redirected by anti-GD2 bispecific antibodies in the
IgG-scFv format mentioned earlier on a GD2-positive
xenograft model of melanoma. For this, second-generation
anti-GD2 CAR T cells with different receptor affinities were
generated. The viability of CAR T cells after encountering
effector cells was inferior to that of the T cells that interacted
with melanoma via bispecific anti-GD2/CD3 antibodies. The
authors demonstrated that AICD of CAR T cells depends on
the density of the receptor on the cell surface: T cells with
high receptor density died when they encountered effector
cells, whereas those with low receptor density remained via-
ble. The inclusion of the costimulatory domain 4-1BB, the
affinity of the receptor, and blocking PD-1 did not decrease
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cell depletion of GD2-specific CARTs, and their exhaustion
remained significant in all cases.

Current clinical trials employing GD2-specific CAR T
cells for the treatment of neuroblastoma investigate CARTs
that contain a suicide gene safety switch (most often, inducible
сaspase 9), which is used tomitigate the risks of toxicity either
from cytokine release syndrome or from on-target/off-tumor
effects on healthy tissues. Specifically, a third-generation
GD2-specific iC9 CD28.OX40.ζ CAR investigated in a phase
I study in combination with lymphodepletion and PD-1
inhibition was safe and showed no dose-limiting toxicities;
however, the antitumor response was modest, and PD-1 inhi-
bition did not further enhance T cell expansion or persistence
[269, 270]. Thus, employing CARTs to direct T cell immunity
against GD2-positive tumor cells is potentially a very effective
approach, but additional research in this topic is required to
justify the application of this immunotherapy platform in
neuroblastoma therapy.

4. Summary

Improved early detection and use of immunotherapy have
led to a relative success in the treatment of neuroblastoma.
Unituxin, a chimeric GD2-specific antibody, demonstrates
efficacy in increasing survival rates in patients receiving
standard multimodal therapy and is becoming a standard
component of combination therapy for HR-NB. An impor-
tant characteristic of this immunotherapeutic approach is
that it has no long-term and cumulative toxicity, which is
especially important for the child’s organism. At the same
time, immunotherapy with GD2-specific antibodies cannot
be considered optimal, since it has pronounced side effects
primarily associated with on-target/off-tumor toxicity. In
most patients (~85%) takingUnituxin, severe pain is observed
which may be removed only by potent analgesics. Other side
effects common for this medication include pyrexia, hypoten-
sion, and capillary leak syndrome [5]. Therefore, effective
HR-NB immunotherapy requires the optimization of existing
and the development of novel approaches.

Strategies to improve the therapeutic properties of GD2-
specific antibodies consist in their humanization and modifi-
cation by point mutations aimed at reducing the immunoge-
nicity and side effects of antibodies. Clinical application of
monoclonal antibodies specific to the O-acetylated form of
ganglioside GD2 may help to reduce on-target/off-tumor
effects caused primarily by the action of GD2-specific anti-
bodies on sensory neurons; expression of O-Ac-GD2, unlike
GD2, has so far not been shown on sensory neurons, mesen-
chymal stromal cells, and the posterior lobe of the pituitary
gland. Another important area for improvement of HR-NB
therapy with Unituxin is the adjustment of drug dosage and
optimal combination therapies with chemotherapy drugs
and cytokines. Selection of chemotherapy regimens for
obtaining a synergistic antitumor effect in combination with
antibodies is a topical task. For instance, the combination of
irinotecan and temozolomide with Unituxin gives a synergis-
tic antitumor effect compared to separate use of these medi-
cations. The molecular mechanisms of this effect are not
completely clear and require additional studies. However,

the high heterogeneity of neuroblastoma will likely require
a personalized approach with an individual assessment of
the genetic, biochemical, and phenotypic features of neuro-
blastoma cells of each particular patient to select optimal
combination therapies.

Modern immunotherapy strategies such as immune
checkpoint inhibitors and CAR T cells, which led to revolu-
tionary advances in the therapy of a number of cancers, have
demonstrated limited progress in neuroblastoma treatment.
The very low levels of HLA class I and PD-1 molecules on
neuroblastoma cells do not allow to obtain significant antitu-
mor responses with checkpoint inhibitors. Also, CAR T cells
directed to neuroblastoma cells demonstrate a much lower
efficiency in eliminating tumor cells compared to CD19-
specific CAR T cells in the therapy of leukemia. The problem
of rapid exhaustion of CAR T cells targeted to solid tumors,
including neuroblastoma, that leads to low antitumor activity
has not been solved yet. Using bispecific antibodies that
redirect immune effector cells to neuroblastoma cells is a
potentially promising technology, but it is still on an early
stage of development.

High-risk neuroblastoma is a heterogeneous cancer that
has a poor response to treatment. Development of effective
immunotherapeutic approaches for the therapy of HR-NB
will require a deep understanding of the biological character-
istics of its development, a comprehensive study of known
molecular markers and search for novel markers on neuro-
blastoma cells, use of a personalized approach to assess the
genetic profile and specifics of the signaling pathways of each
patient, as well as adaptation of modern immunotherapeutic
platforms for the therapy of neuroblastoma.
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